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ABSTRACT 


4U 1630-472 is a recurrent X-ray transient classified as a black-hole candidate 
from its spectral and timing properties. One of the peculiarities of this source is the 
presence of regular outbursts with a recurrence period between 600 and 730 d that 
has been observed since the discovery of the source in 1969. We report on a com¬ 
parative study on the spectral and timing behaviour of three consecutive outbursts 
occurred in 2006, 2008 and 2010, respectively. We analysed all the data collected by 
the INTErnational Gamma-Ray Astrophysics Laboratory (INTEGRAL) and the Rossi 
X-ray timing Explorer (RXTE) during these three years of activity. We show that, in 
spite of having a similar spectral and timing behaviour in the energy range between 
3 and 30 keV, these three outbursts show pronounced differences above 30 keV. In 
fact, the 2010 outburst extends at high energies without any detectable cut-off until 
150-200 keV, while the two previous outbursts occurred in 2006 and 2008 are not 
detected at all above 30 keV. Thus, in spite of a very similar accretion disk evolution, 
these three outbursts exhibit totally different characteristics of the Compton electron 
corona, showing a softening in their evolution rarely observed before in a low mass 
X-ray binary hosting a black hole. We argue the possibility that the unknown pertur¬ 
bation that causes the outbursts to be equally spaced in time could be at the origin 
of this particular behaviour. Finally we describe several possible scenarios that could 
explain the regularity of the outbursts, identifying the most plausible, such as a third 
body orbiting around the binary system. 


1 INTRODUCTION 

4U 1630-472 is one of the most active black hole candidates 
(BHCs) ever observed. The first known outburst w as de¬ 
tected by Vela5B satellite in 1969 (IPriedhorskvll 19861 ). Since 
then source has undergone an outburst at least 20 times up 
to now and has been observed by most of the principal X-ray 
missions which have collected a huge amount of data. 

4U 1630-472 is a highly absorbed source with a hy¬ 
drogen column density that varies in the range of Nh = 
(4 — 12) x 10 22 cm -2 dTomsick et al.lll998l : iKuulkers et al.l 
1 19981 ). The distance and the mass of the compact object have 
still not been firmly measured because no optical counter¬ 
part has been identified up to now. This is mostly due to 
the crowded region in which the source lies. Thus, 4U 1630- 
472 is still classified as a BHC because of its characteristic 
spectral and timing behaviour. 

ISeifina et alj (120141 ) have recently reported an indirect 
estimation of the mass (10 Mq) on the basis of the ba¬ 
sis of the detection of the sp ectral index saturation with 
the m ass accretion rate (see also lShaposhnikov fe Titarchuk I 
120091 ). The infrared (IR) counterpart was instead detected 
during the 1998 outburst as reported by lAugusteiin et all 


(l200ll) . The analysis of the IR photometric data reveals that 
4U 1630-472 is a highly reddened source lying in the direc¬ 
tion of a giant molecular cloud that is located at a distance 
of 11 kpc. 4U 1630-472 lies in the near side of this cloud thus 
at a distance <11 kpc. However the high absorpti on indi¬ 
cates a large distance, > 10 kpc (ISeifina et al.ll2014l) . Thus, 
it is reasonable to assume a source distance of ^10-11 kpc. 
The IR properties are consistent with a relatively long or¬ 
bital period system (P or -b ~ few days) containing an early 
type secondary star. Anyway, the range in absolute K-band 
magnitude and the observed IR variability cannot exclude a 
B star nature (intr insical ly sli ghtly redden ed) in a detached 
Be/X-ray binary (lAugusteiin et aPl200ll ). 

iDieters et alJ (l2000l) and iTrudolvubov et akl (1200 ll ) re¬ 
port on detailed X-ray spectral and timing analysis of the 
1998 outburst of 4U 1630-472. They show that the source 
behaviour is typical of a black hole candidate. During the 
same outburst, the detection of a polarized radio emission 
revealed th e presence of optically thin radio jets ejected from 
the source dHiellming et al.lfl999l ). 

Several radio observation campaigns have been car¬ 
ried on during the subsequent outbursts. Nevertheless, 
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most of the m failed to detect any r a dio emission from 
the source ( Hannikainen ct al ] l2002l : iGallo et al.l l200d: 
ICalvelo et al.1 201(f ). 

iTomsick et al.l (Il998l l report the detection of a dip in the 
Rossi X-ray Timing Explorer (RXTE) Proportional Counter 
Array (PCA) data during the 1996 observations. This im¬ 
plies that the inclination angle is probably greater than 
60°. Suzaku X-ray satellite observations in 2006 revealed 
significant absorption lines from highly ionized iron lines 
with a blueshift th at corresponds to an outflow velocity of 
about 1000 km s -1 feubota et al.ll2007 i 'l . This fact supports 
the hypothesi s that the source is viewed at a high incli¬ 
nation angle dPonti et al.l I20l3 f . even though, after 1996, 
no more dips have been reported in literature. T he scaling 
technique (see IShaposh nikov fe Titarc hul^ 20091 . and refer¬ 
ences therein) permitted ISeifina et al.l ~ 20141 ) to constrain 
the inclination angle of the system at i ^ 70° IlSeifina et al . 
1201411 . 

iDiaz Trigo et all d2013l 'l report on the detection of 
Doppler-shifted X-ray emission lines in coincidence with the 
reappearance of radio emission from the jets during the 2012 
outburst. They argue that these lines arise from b a ryonic 
matter in a relativistic jet. However, iNeilsen et aid J 2 OI 4 I ) 
show that the radio emission during the same outburst, 
was not always associated with re lativistic emission lines , 
and the unique behavior reported bv lDiaz Trigo et aid d2013l 'l 


might be a special case, dependent on additional processes in 
the ac cretion flow around the Black Hole (BHl. lKing et all 
d2014|j report a clear detection of reflection component in 
a short observation performed with the NuSTAR telescope 
during the 2013 outburst when the source was in an inter¬ 
mediate state. The consequent spin measurement indicates 
that 4U 1630-472 harbors a rapidly spinning BH. 


A unique characteristic of 4U 1630-472 is that the out¬ 
bursts that have been observed from the first detection in 
1969 have been roug hly equally spaced i n time, with a pe¬ 
riod of about 600 d JParmar et al.lfl995 'l. As the 4U 1630- 
472 long-term RXTE/PCA light curve shows (Figure [lj top 
panel), the recurrence is still present after more than 40 
yr, even though a drift in the recurrence period of about 
130 d ays has been observed in the last 3 outbursts, 2008- 
2012 dCapitanio et al.l 1201(f ). A similar drift in the recur¬ 
rence period between one outbu rst and a subsequent out- 
burst was previously noticed by iKuulkers et all dl997l j. In 
addition, 4U 1630-472 is known to show pec uliar out b ursts 
that often lack brigh t hard states (see e.g. ITomsick et aid 
120141: 1 Abe et~alll2005i. and reference therein). 


The aim of this paper is to perform a comparative study 
of the high-energy behaviour of 3 consecutive outbursts of 
4U 1630-472 that occurred from 2006 until 2010. In Section^ 
we introduce the data collection criteria, the data reduction 
methods and the techniques employed for spectral and tim¬ 
ing analysis; in Section[3]we describe the general behavior of 
the source during the three outbursts. In Section [4] we dis¬ 
cuss the implication of the peculiar behaviour of the three 
outbursts in the light of the standard theory of the accre¬ 
tion flow on to a low-mass X-ray binary (LMXRB) hosting 
a BH. In the same section we describe the possible scenarios 
that could also explain the periodic recurrence of the out¬ 
bursts. Finally, we summarize our finding and conclusions 
in Section [5] 


2 DATA REDUCTION AND ANALYSIS 


The 2008-2010 outbursts of 4U 1630-472 were extensively 
observed by RXTE and INTEGRAL satellites. More than 
800 ks of observations have been collected by the RXTE 
PCA, while 850 ks have been collect ed by the INTEGRAL 
7 -ray telescope IBIS dUbertini et al .1 [20031 ). 

The RXTE/PCA observation campaign covered the pe¬ 
riod of the three outbursts from MJD 53727 to MJD 55459 
for a total of 441 pointings. The PCA analysis was performed 
with the standard RXTE software within HEASOFT 12.7.1 
following standard extraction procedure for light curves and 
spectra. For the P CA spectral a nalysis a systematic error of 
0.6 per cent d Wilms et aid 120061 4 was added to the spectra. 
For the fitting procedure, the energy range 3-30 keV was 
used. 


The timing analysis of the PCA was performed with 
custom software: for each of the observations, we pro¬ 
duced power spectra from 16-s stretches accumulated in the 
channel band 0-35 (2-15 keV) with a time resolution of 
1/125 s. The resulting power spectra were then averaged in 
o ne power spectrum per observation, normalized according 
to I Leahy et ah |l983|) and then converted into squared frac - 


tional rms ( Belloni fe Hasingerlll99d : iMvamoto et al.lll99ll j . 

The contributi on due to Poi s sonian statistics was subtracted 
as reported bv IZhang et al.l dl995l 'l. 


For the INTEGRAL data analysis, we used the lat¬ 
est release of the standard Offline Scientific Analysis, OSA 
version 10.0, di stributed by the I NTEGRAL Science Data 
Centre (ISDC. ICourvoisier et al.ll2003lf . The INTEGRAL 
analysis was focus ed on the low-energy detector (ISGRI, 
iLebrun et al.l l2003li of the 7 -ray telescope IBIS. The IS¬ 
GRI spectra were extracted in 20-200 keV energy range. 
A systematic error of 2 per cent was taken into account 
for spectral analysis (see also Ijourdain et al.ll2008h . In or¬ 
der to collect enough counts in a single spectrum we added 
together contiguous IBIS spectra showing the same shape. 
We obtained 13 IBIS spectra: each of which was quasi- 
simultaneous with a single PCA observation. The faintness 
of the source in most of the data and the limited energy 
range (3-30 keV) allowed us to modelize the 441 PCA spec¬ 
tra of the three outbursts only with a sim ple model, that is, 
an ab sorbed multicolor disk black body (ISakura fe Sunvaevl 
[1973) plus a power law to model the Comptonization 
of soft photons in a hot plasma: WABSX(diskbb+pow), 
hereafter model 1. We also attempted to model the 
Comptonization, instead of power la w, with two diff er- 
ent simpl e physical mode ls: nthcomp (IZdziars kil l2004l! or 
COMpTT dTitarchukll 19941 ). wabs*(diskbb+nthcomp) and 
wabs*(diskbb+comptt), hereafter models 2 and 3, re¬ 
spectively. Because the cut-off is not constrained by the 
data, we do not succeed in constraining the plasma temper¬ 
ature. Thus we fixed the electron plasma temperature at 15 
keV for 2006 and 2008 outburst spectra and at 100 keV for 
2010 spectra, respectively (see Sections 13.1113.21 and 13.31 for 
details). The temperature of the seed photons was, instead, 
fixed at the same value of the multicolor disk black body 
model in the case of the model 2, while for model 3, the 
seed photon temperature was fixed for each observation at 
its best fit value. The statistics, the energy range and the 
resolution of the spectra did not allow us to apply any other 
more refined models. 
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Figure 1. Top panel: 2-4 keV PCA long term light curve of 4U 1630-472. Each point corresponds to a single PC A observation. Bottom 
panel: HR (4-9 keV/2-4 keV) versus time as observed by RXTE/ PCA during all its observational life (1996-2011). The black arrows 
show the 600 d recurrence period of the outbursts, while the grey arrows show the 730 d one (see Section [I] for details). 


Because of the limited PCA low energy coverage, the 
equivalent hydrogen column, Nh, was allowed to vary be¬ 
tween a range of values extracted fr om the different re¬ 
sults reported in the liter ature (see e. g. lTomsick et al.ll2005l : 
iTrudolvubov et al.ll200ll ). (4-12) xlO 22 cm -2 . 

In order to improve the fit, we added a Gaussian compo¬ 
nent to the model in some of the observations, especially the 
ones where the source is particularly faint. This is not only 
due to an intrinsic Fe emission line but also due to the Galac¬ 
tic ridge emission line contribution not completely corrected 
in the PCA data and to a nearby source, ICR J16320-4751 , 
which has a prominent iron emission line (see Section ^.ll for 
details). The x 2 statistic was used to determine the good¬ 
ness of the fit. Only 4 per cent of the PCA pointings were 
immediately excluded because of an unacceptable x 2 /degree 
of freedom (d.o.f.) ( 10 per cent in the case of the Comp- 
tonization models ). The excluded data mostly belongs to 
the last part of the three outbursts when the source is very 
faint and the contamination due to the nearby source can 
no longer be neglected (see Section [2.11 for details) Thus the 
accepted data have a Xred = 1-0 with a maximum spread of 
0.5<x 2 e d <1.9 and with the 76 per cent of the values that lie 
in the range: 0.8<X' 2 e d <1.2. Figure [2] shows the distribution 
of the Xred. values of the accepted PCA data. All the errors 
and upper limits reported in the paper correspond to the 90 
per cent confidence level. 

A normalization constant was added in the data model 
used to fit the 13 PCA- IBIS joint spectra to consider the cal¬ 
ibration of the two different instruments. Moreover, because 
of their broad-band (3-200 keV), they were also modeled 
taking into account more refined models. 

First, we ap plied a more refined Comptoniz ation model 
such as COMPPS dPoutanen J. fc Svenssonlll996l ) in order to 


model the high energy part of the joint PCA-IBIS spectra. 
However any attempt to discriminate between thermal, non 
thermal or hybrid Comptonization, did not succeed in con¬ 
straining the parameters (see Section [3.31 for details). 

Then we considere d the possibl e pres ence of 
reflection component dRoss fe Fabianl 120071 ). The 
model used was an absorb ed multicolor disk black- 
body dSakura fc Sunva evl 197 31) plus a reflected p ower law 
in neutral medium ( Magdziarz fc Zd ziarskil 19951, p exrav ) 
that leads to a rapid computation ( Fabian fe Rossi|20ld ): 
wabs*(diskbb+pexrav), hereafter model 4. Because the 
PCA-IBIS joint spectra do not show any cut-off the pexrav 
parameter linked to the energy cut-off was fixed to zero as 
required by the model. 


2.1 Contamination of the RXTE data by nearby 
source, IGR J16320-4751 . 

The PCA collimated field o f view (FOV) h as a radius of 1°. 
Thus, as also reported by iTomsick et aid d2014l ). the PCA 
data of 4U 1630-472 could be contaminated by the nearby 
persistent X-ray source IGR J16320-4751 , which is a well- 
studied High Mass X-Ray B inary (HMXRB) disco vered by 
INTEGR AL in 2003 (see e.g. iRodriguez et alj|2006h and lies 
0°.25 away from 4U 1630-472. 

During the 2006 outburst, the Joint European X-Ray 
Monitor (JEM-X) of INTEGRAL observed the 4U 1630-472 
field for a total of 14 ks. 4U 1630-472 was detected in the 
2-10 keV mosaic image at flux level of 270 mCrab; while 
IGR J16320-4751 was not detected at all (upper limit of a 
few mCrab, see left panel of Figure EH). The latter source 
was instead clearly detected in the IBIS mosaic image of the 
same INTEGRAL observations at flux level of 14 mCrab, 
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Figure 2. Distribution of the reduced x 2 values of the accepted PCA data fit. 



Figure 3. left panel: 3-7 keV 2006 outburst JEM-X mosaic image of 4U 1630-472 and IGR J16320-4751 sky field (exposure 14 ks for 
a total of 6 science windows that belong to revolutions 399, 407, 411, 419, 423; MJD interval: 53756—53826). Right panel: 15-30 2006 
outburst IBIS mosaic image of 4U 1630-472 and IGR J16320-4751 sky field (exposure 31 ks for a total of 14 science windows that span 
from revolution 399 until revolution 427; MJD interval: 53756-53840) 


while 4U 1630-472 was not detected at all (see Figure [3J 
right panel). Looking at the All-Sky Monitor (ASM) and 
the Burst Alert Telescope (BAT) light curves of IGR J16320- 
4751 we can see that, even though it is variable, the source 
is faint and does not show any particular increase of the flux 
during the three 4U 1630-472 outbursts. 

We extracted the predicted PCA count/s using the 
ppms tool and the det ailed spectral analysis reported by 
iRodriguez et alj J2006I ). We considered the less favorable 
case in which the sou rce is in flaring state with a flux of 
2xl0~ lo crg s _1 cm~ 2 llRodriguez et al.ll2006l ). Considering 
also the P CA response curve as a function of the off axis 
position Jjahoda et al.l 120061 ). we obtained a P CA count 
rate o f 10 counts s _1 , a rate consistent with iTomsick et al.l 
J2014I) . Thus, when 4U 1630-472 approaches 10 PCA 
count/s the contribution of IGR J16320-4751 is no longer 
negligible, but it can be considered almost constant. In 
fact the flux variation of IGR J16320-4751 is quite lim¬ 
ited and t he source varies in fl ux but not in the spec¬ 
tral shape (IRodriguez et al.1l2006l) . The source spectra also 
present a ga ussian emission line, c entered at 6.4 keV, and 
an iron edge (IRodriguez et all2006l ) . Considering the contin¬ 
uum spec tral shape of IGR J163 20-4751 flaring state as re¬ 
ported by IRodriguez et~al] d2006l ). and the continuum spec¬ 
tral shape of 4U 1630-472 during the last PCA observa¬ 
tions, we put a limit on spectral reliability at a conservative 
flux level of 4xlO“ 10 erg s -1 cm -2 in the 2-10 keV energy 


range (which correspond to ~50 counts s _1 ). Figure [I] shows 
the compariso n between IGR J16320-4 751 flaring spectrum 
as reported bv IRodriguez et al.l (|2006l ) and the 50 counts/s 
4U 1630-472 spectrum of the 2006 outburst. 

During both 2006 and 2008 outbursts, 4U 1630-472 
was not detected above 30 keV by INTEGRAL/IBIS and 
Swift/BAT (see, for example, the BAT light curve in Fig¬ 
ure [5] and right panel of Figure [3] for the 2006 IBIS out¬ 
burst image.). Thus the RXTE/High Energy X-ray Tim¬ 
ing Experiment (HEXTE) spectra are irreparably contami¬ 
nated by the IGR J16320-4751 which instead, shows a bright 
emission above 30 keV and therefore these have not been 
used in the subsequent analysis. During the 2010 outburst 
RXTE/HEXTE was no longer in operation. 


3 RESULTS 

As Figure [3] shows, the source light curve in the energy 
range 2-20 keV is very similar for the first two outbursts 
in 2006 and 2008, while the 2010 outburst presents a dif¬ 
ferent time evolution showing two bright peaks in the light 
curves and reaching harder energy values. Figure [6] shows the 
RXTE/PCA Hardness-Intensity diagrams (2-20 keV versus 
9-20 keV/2-9 keV, hereafter HID) of the three outbursts, 
while Figure [7] shows the PCA light curve in two energy 
ranges (first two panels), the Hardness Ratio (HR) evolu- 
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Figure 4. Comparison between the 2010 outburst unfolded spec¬ 
tral model of 4U 1630-472 at flux level of 4xlO -10 erg s -1 cm -2 
(that corresponds to ~50 counts/s in the 2-10 k eV energy range) 
and th e flaring state of IGR J16320-4751 (from lRodriguez et al.1 
DOOfj l). The plot also shows the difference between the two spec¬ 
tra (dark-grey dashed line). 


tion as a function of time (third panel) and the evolution of 
the root mean square ( rms ) variability as a function of time 
(last panel). The dashed lines represent the time when the 
source goes below a PC A source flux of 50 counts s _1 : after 
this conservative limit the contamination of IGR J16320- 
4751 can no longer be ignored. As Figures [ 6 ] shows, the HID 
of the 2006 and 2008 outbursts are mostly identical, while 
the HID of the 2010 outburst evolves at higher energies. The 
2010 outburst reaches a 30 per cent grater values with re¬ 
spect to those reached during the 2006 and 2008 outbursts. 

No hard X-ray emission is significantly detected for the 
2006 and 2008 outbursts as shown by the light curve taken 
from the BAT har d X-ray transie nt monitor on board the 
Swift satellite dGehrels et al.l l2006l l (Figure 0. In contrast, 
the BAT light curve of the 2010 outburst shows a flux about 
14 times higher than that of the two previous outbursts. 

The INTEGRAL data give similar results: no detections 
are present in the mosaic image of the IBIS data for both 
2006 and 2008 outbursts. The IBIS upper limit is 3 mCrab 
in 20-40 keV (for a total exposure time of 31 ks) for the 
2006 outburst and 5 mCrab for the 2008 outburst (25 ks), 
respectively. The diamond points in Figure [5] (top panel) 
show the INTEGRAL coverage of the 3 outbursts. In con¬ 
trast, the JEM-X 2006 mosaic data show 4U 1630-472 as 
a moderately bright source, 270 mCrab in 3-7 keV energy 
range. The 2008 outburst is outside the JEM-X field of view. 
However the ASM monitor give consistent results (the peak 
luminosity is at about 300 mCrab in 1 12 keV). 

The IBIS mosaic image of the 2010 outburst shows 
4U 1630-472 as a moderately bright source at flux level of 


20 mCrab (20-40 keV) and 83 mCrab (40-100 keV). The 
2010 outburst is also outside the JEM-X FOV. 

Considering t he iFende r etjdJ (120041 ') classifica- 


tion - see also Belloni et al.| (| 2005i) for more details 


d lRemillard fe McClintock I ( 200a ) for an alternative clas¬ 
sification of spectral states - the shapes of the power spectra, 
extracted from the PCA data taken during the three out¬ 
bursts, are dominated by a power law and show that the 
source remains substantially in the high soft (HSS) or inter¬ 
mediate soft state (see Figures 1111141 and Tables [2] and [3j). 
However, because of the faintness of the source, power spec¬ 
tra resolution does not allow us to determine the details of 
the power density spectrum (PDS). 


3.1 Evolution of the 2006 outburst 

The RXTE 2006 observation campaign started on 2005 De¬ 
cember 23 (MJD 53727 ), abo ut 15 d after the ASM flux 
enhancement (iTomsickl 12005! ) . Simultaneous observations 
with the Australia Telescope Compact Array (ATCA) per¬ 
formed on 2005 December 21, 25, 27 and 29, do not detect 
any r adio counterpart o f 4U 1630-472 on any of the four 
dates (IG alio et al.ll2006l ). There is no evidence of enhanced 
flux in the BAT light curve all over the outburst (Figure [5} 
and no detection in the IBIS data. Thus the spectral analy¬ 
sis was focused on the PCA data collected during the 2006 
outburst observation campaign. 

After a brief enhancement, the 2-9 keV and 9-20 keV 
PCA fluxes decrease monotonically during the outburst as 
shown on the first two panels of Figure [7] The dashed line 
in Figure [7] represents the limit of 50 counts s -1 . As we have 
seen in Section I2T1 after this limit the contamination of 
the nearby source IGR J16320-4751 cannot be ignored. This 
corresponds to the last 23 pointings. The contamination due 
to IGR .116320-4751 is the cause of the huge hardening of 
the data in Figure [7] (bottom middle panel). In any case, a 
slight hardening of the data (before the dashed lines) can 
be attributed to 4U 1630-472. Nevertheless, even in the last 
observations, when the power law photon index decreases in 
value and the source spectra are harder, the F-test strongly 
indicates that a disk black body component is still needed in 
the spectral models to provide a good fit (F-test probabilities 
CRT 5 ). 

The evolution of the most significant fit parameters 
along the 2006 outburst is plotted in Figure [5J a). The disk 
black body emission dominates the spectrum for two and 
half months ( Ti„ ~1.3 keV). Then, the inner temperature 
of the disk starts to decrease together with the flux reach¬ 
ing inner temperatures of about ~0.8 keV. Thereafter, the 
contamination of the nearby source can no longer be ne¬ 
glected. The power law photon index, instead, reaches ex¬ 
tremely soft values even considering the huge errors. This 
happens when the high energy flux (20-30 keV) is below 
4x 10~ n ergs cm _ 2 s^ 1 . In these spectra the power-law com¬ 
ponent - even if required in order to obtain a good fit - is 
so small that a systematic error in the determination of the 
photon index cannot be excluded. 

During the second part of the outburst the power law 
photon index hardens and remains mostly constant at values 
of ~1.8. Moreover, there is no evidence in the data of a 
power-law cut-off until 30 keV. These spectral parameters 
are compatible with a soft state as indicated by the PDS, 
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Figure 5. Top panel: 4U 1630-472 ASM light curve (bin size 2 d). The rectangles represent the PC A observation dates. The diamond 
points represent the INTEGRAL observations; the arrows correspond to the spectra in Figures ll 111141 (see Section 13.41) . Bottom panel: 
15-50 keV Swift/BAT light curve (bin size 3 d). 4U 1630-472 BAT lcr detection sensitivity is 5.3 mCrab for a full-day observation, 1 
mCrab is 0.00022 count cm -2 s -1 dKrimm et al. IS 


However, because the PCA spectra reach only 30 keV 
and there are no detections of the source in IBIS and BAT 
data (both instrument share a similar upper limit of few 
mCrab), we can impose, with good confidence, that there 
should be a cut-off at energies around 30 keV. To demon¬ 
strate this fact, Figure [8] shows, as an example, the PCA 
spectrum of the observation 91704-03-42-00 plus the IBIS 
upper limit. This Figure clearly shows that the lack of a 
cut-off should imply a detection at least by one of the two 
instruments, IBIS and BAT. 


We also applied to the high energy part of the data, 
instead of the power law, two simple physical models de¬ 
scribing Comptonization of soft photons in a hot plasma, 
model 2 and model 3 (see Section [2]). Because of the lack 
of cut-off in the data, the electron plasma temperature pa¬ 
rameter could not be defined by the fitting procedure. 


Then, b ecause the energy cu t off is roughly E e -^2-3 
kT e (see e.g lMivakawa et aTIfeoOSl ; IPetrucci et aill200ll . and 
references therein), we fixed the plasma temperature at 15 
keV. With this condition the spectral parameters of model 2 
are consistent within the errors with those of model 1. The 
model 3 plasma optical depth increases together with the 
hardening of the source with values within the range 0.4-4.3 
(see Figure O, whereas, the softest spectra are mostly dom¬ 
inated by the disk black body and the plasma optical depth 
is quite low (~ 1). It is worth noticing that the COMpTT 
model, used to model the high energy part of the spectra 
in model 3 is not valid for simultaneously low tempera¬ 
tures and low optical depth. In fact for kT e =15 keV and 
low values of r (^ 1 ) the corresponding values of /3 parame¬ 
ter jTitarch uk 1994 ) are outside the zone of applicability of 
the model ( Hua fe Titarchukll 19951 . Figure 7). 
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Figure 8. PCA unfolded spectrum of the 2006 outburst plus the 
IBIS upper limit (3 mCrab), obs. ID 91704-03-42-00. For model 
and fitting parameters see Table 2. The dashed lines represent 
the single model components 
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3.2 Evolution of the 2008 outburst 

The RXTE observation campaign started on 2008 January 
01 ( MJD~54466), a bout 6 d after the first ASM detec¬ 
tion dKalemci et al.|[2008l) . There is no evidence of both flux 
enhancement in the BAT light curve and detection in the 
IBIS data. Thus no hard X-ray emission is detected above 
30 keV as in the case of the 2006 outburst. Also for this 
outburst, the spectral analysis was focused on all the data 
collected from PCA during the 2008 outburst. 

The evolution of the two most significant fit parame¬ 
ters during the whole 2008 outburst is plotted in Figure 0 
(panel 6). The behaviour of this outburst substantially re¬ 
traces the 2006outburst: after a rapid enhancement, the disk 
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Figure 6. Hardness Intensity Diagrams for the three outbursts: 2006 (top panel), 2008 (middle panel) and 2010 (bottom panel). 


black body emission dominates the spectrum for the first 
three months (Tin ~1.3 keV). Then the inner temperature 
of the disk black body decreases monotonically during all the 
outburst together with the source flux. As for the previous 
outburst, during the softest part of the spectral evolution, 
the power law photon index reaches extremely soft values. 
This happens when the disc black body emission dominates 
the spectrum and the high energy flux (20-30 keV) is below 
3X1CP 11 ergs cm _ 2 s _1 . There is no evidence in the data of 
a power law cut-off until 30 keV, even though, in analogy 
with the 2006 outburst, the lack of IBIS and BAT detection 
indicates a cut-off just above 30 keV (see e. g. Figure fTTl) . 

During the last PCA pointings, there is evidence of an 
increase of both the rms and the HR values (FigureQ . How¬ 
ever the F-tests strongly indicates that in these observations 
a disk black body component is needed in the spectral mod¬ 
els to obtain a good fit (F-test probability < 10 -3 ). The 
spectral parameters as reported in Figure [9] (panel b) are 
compatible with a soft state of the source as indicated by 
the PDS. In the last 45 pointings the contamination of the 
nearby source cannot be ignored ( dashed line in Figure [9j 
panel b). 

We also applied to the data the same models used for 
the 2006 outburst observations (model 2 and model 3 as 
defined in Section El), fixing the plasma temperature at 15 
keV. As for the previous outburst the model 2 spectral 
parameters are consistent within the errors with those of 
model 1, whereas model 3 plasma optical depth increases 
together with the hardening of the source. The softest spec¬ 
tra are mostly dominated by the disk blackbody, thus it is 


impossible to fit the high energy data even with a simple 
Comptonization model. As the bottom panel of Figure [9] 
shows, during the 2008 outburst the optical depth reaches 
values comparable with the 2006 outburst (0.4 < t p < 4.5). 
Also in this case values of r lowe r than 1 are outside th e 
zone of applicability of the model dHua fc Titarchuklll995l ). 


3.3 Evolution of the 2010 outburst 

On 2009 December 29 (MJD 55194), the gas slit camera 
(GSC) of the Monitor of All-sky X-ray Image (MAXI) de- 
tected an increase in X-ray intensity from 4U 1630-472 
(iTomida et al.[|2009i ). Five days later, a radio observation 
campaign was carried out with the ATCA telescope con¬ 
sisting of two pointings (1440 s per observation). Once 
again, also during the 2010 outburst, the radio emission 
of the source was below the detection limit of the instru¬ 
ment ( 93 fiJy and 126 fi Jy at 5.5 and 9 GHz respec¬ 
tively) (I Calvelo et al.l [2010l ). The RXTE observation cam¬ 
paign started on 2010 January 01. This outburst was ob¬ 
served by INTEGRAL for a total IBIS exposure time of 
about 700 ks simultaneous with RXTE. 

The PCA spectral parameters evolution reported in Fig- 
ure[9](c) and the enhancement of the emission above 15 keV 
(see Swift /BAT light curve in Figure [5j give an indication 
of two subsequent softenings of the source with an increase 
of both the inner temperature and the power law photon 
index (Figure [U] panel c). Nevertheless, during the source 
hardenings, subsequent to the two soft peaks, the contri¬ 
bution of the disk emission remains prominent according 
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Time (MJD) 

Figure 7. PCA light curve of the 3 outbursts (I,II,III). Top panel: 2-9 keV; upper middle panel 9-20 keV; bottom middle panel: HR 
(9-20 keV/2—9 keV) versus time; bottom panel: fractional rms versus time. Each point corresponds to a PCA pointing. The dashed lines 
represent the time when the source reaches a count rate of 50 counts/s in the 2-10keV energy range. After this limit the contamination 
due to IGR J16320-4751 cannot be ignored anymore. 


to lTomsick et al] (120141 ) and the average photon index value 
remains at ~1.7. 

Just to the end of the 2010 outburst and in spite of 
the IGR J16320-4751 contamination, the PCA data show 
a slight hardening of the source (see e. g. HR and the rms 
in Figure 0. No power law cut-off is detected in the IBIS 
data up to 150-200 keV. Therefore the greatest difference 
between this outburst and the previous two is the bright 
emission above 30 keV (Figure 0. 

We also applied to the high energy part of the spectra, 
instead of a power law, the same comptonization models 
used for the two previous outbursts. In this case we fixed 
the plasma temperature at 100 keV because of the BAT con- 
tinuos detection of the source during 2010 outburst and be¬ 
cause of the PCA-IBIS joint spectra fit results that does not 
allow us to constrain any cut-off until 150-200 keV. However 
we could not exclude that, when IBIS was not observing the 
source, a cut-off could be present at energies lower than 200 
keV but anyway greater than 30 keV. The model 2 spec¬ 


tral parameters are consistent within the errors with those 
of model 1. Whereas the bottom panel of Figure [5] shows 
model 3 plasma optical depth evolution. The optical depth 
slightly increases when the spectra hardens but its variation 
is less important with respect to the values reached during 
the two previous outbursts. 

Even though we do not consider the high energy cut¬ 
off, the accuracy of the joint PCA IBIS spectra is not suf¬ 
ficient to discriminate between thermal, non-thermal or hy¬ 
brid electron distribution using more refined Comptoniza¬ 
tion models such as compps. 

Because of the broad-band spectra and the higher emis¬ 
sion above 30 keV, we attempt to fit the joint PCA IBIS 
data of the 2010 outburst taking into account the reflection 
component. The model used for the fitting procedure has 
been introduced in Section [2] as model 4. The joint spectra 
(see top panel of Figure [5j are mostly concentrated during 
the declining phase of the first soft peak of the 2010 out¬ 
burst. Table |T] reports the evolution of all the PCA IBIS 
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Figure 9. 2006, 2008, 2010 outburst flux and fit parameters evolution of MODEL 1: WABSX (diskbb+pow). ( Xred = 1-0, 0.5 <Xred <l-9)- 
The bottom panels represent the evolution of the Plasma optical depth, r p of MODEL 3: WABSX (diskbb+COMpTT). The dashed lines 
represent the flux limit after which the contamination of the nearby source, IGR J16320-4751 , cannot be neglected. Each point of the 
Figures represents the value of a spectral parameter of a single PCA observation. 


spectral parameters. The PCA-IBIS spectral resolution is 
not sufficient to constrain the reflection component well, 
which has large errors or can be even defined only with 
an upper limit. For the spectra where the reflection com¬ 
ponent is constrained by the data (even if with huge errors) 
the F-test probability indicates that the fit is improved (F- 
tes t probab ilit ies <4xl0~ 3 ). A n alternative view reported 
by lLaurent fe Titarchukl (120071 1 and based on bulk motion 
photons propagation, demonstrates, using Montecarlo sim¬ 
ulations, that for F > 2 there is no bump in the reflection 
spectrum due to down-scattering accumulation of photons 
from high energy tail of the incident spectrum. 

Our results obtained from the 13 joint PCA-IBIS spec¬ 
tra are consistent with T ^ 2 with the exception of the 
first observation for which the reflection component is not 
constrained (see Table [lj. Even though far from conclusive, 


our results are supported bv lKing et al.l (l2014l l who reports 
a clear presence of the reflection component in the inter¬ 
mediate state of the 2013 source outburst during a short 
NuSTAR observation. 

The INTEGRAL observations continued after the end 
of the RXTE pointings. The last line of Table [l] shows that 
the source persisted in having a spectrum extending at high 
energies that can be fitted with good confidence with a 
power law (r ~2) without cut-off until 150-200 keV. Un¬ 
fortunately, there are no data below 20 keV because the 
source was outside the JEM-X monitor FOV. 


3.4 Comparison among the 3 outbursts 

The top panel of Figure Q] shows the long term light curve 
between 2 and 4 keV of all the outbursts detected by the 
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Table 1. 2010 outburst spectral evolution of the 13 PCA-IBIS joined spectra of 4U 1630-472 . Best fit model: 

CONST*WABS*(DlSKBB+PEXRAv). Note: Rev is the IBIS revolutio n number; Nh is the equivalent hydrogen co lumn (free to vary in the 
range 4-12xl0 22 cm -2 , previously reported in literature (see e. g. lTomsick et alii 20051 : pTrudolyubov et alJl200l| B; T i n is the temperature 
of the inner disk; = ((i^n/km)/(.D/kpc)) 2 is the normalization parameter of the Sakura& Sunyaev disk black body; T is the 

power law photon index; Rel# e ^z is the reflection scaling factor (the cosine of inclination angle is let fixed at its default value, 0.45). 
F 2—10 keV i s the unabsorbed flux between 2-10 keV. Fio—ioofceV' i s the unabsorbed flux between 10-100 keV.x 2 r is the reduced x 2 • The 
last line show the spectral parameter of the averaged IBIS spectrum of the last part of the outburst fitted with a simple power law (see 
Section rot 
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RXTE/PCA from 1996 until 2011, while the bottom panel 
shows the HR, defined as the ratio between the 4-9 keV and 
the 2- 4 keV energy ranges, versus time. The bottom panel of 
Figure [I] indicates that the 2006 and 2008 outbursts reached 
softest HR values with respect to the 2010 outburst, and also 
with respect to all the previous outbursts observed by RXTE 
including the outbursts with similar luminosity (e.g. the 
2001 outburst, MJD~52000 in Figure [D p] that are rep orted 
in that literature as stan dard outbursts dDieters et al][200(J ; 
iTrudolvubov et al.ll200lh 

In order to highlight the differences between the two 
2006 and 2008 outbursts and the 2010 outburst, we present, 
as an example, the energy and the power spectrum of two 
PCA observations; the first was performed during the 2008 
outburst and the second during the 2010 one. Figure 1111 
shows the energy spectrum of the 2008 PCA observation 
93425-01-11-07 and the 25 ks IBIS upper limit; Figure fl2l 
shows the power spectrum of the same PCA observation. 
Figure [13] shows, instead, the energy spectrum of the 2010 
PCA observation 95360-09-24-00 with the simultaneous IBIS 
spectrum, while Figure [T3] shows the relative PCA power 
spectrum. 

The two PCA observation dates correspond to the black 
arrows in Figure[a]and exhibit the same source state: similar 
spectral shape between 2 and 20 keV, similar rms value, 
similar power spectrum and similar 2-20 keV flux emission 
as Tables [5] and 0 show. 

Above 30 keV, instead, there is a pronounced difference. 
In fact, for the 2010 outburst, the data above 30 keV can 
be fitted with a power law and no cut-off is required in the 
model to fit the data up to 250 keV. Also for the 2008 
outburst, a power law component is needed in the model to 
obtain a good fit until 30 keV. However, as we have demon¬ 
strated in Sections and 122, the non-detection of the 

1 The ASM HR vs time plot gives the same results. 


source at higher energy range implies instead that there 
should be a cut off just above 30 keV. Moreover, the huge 
difference in value, between the power law normalization pa¬ 
rameter of the two spectra, indicates that in the case of the 
2008 outburst the contribution of the power law in the spec¬ 
trum is lower than in the case of the 2010 outburst, while 
the apparent inner radius extracted from the normalization 
constant of diskbb is 26 and 30 km, respectively, see for the 
correction factor b etween the apparent i nner disk radius and 
the realistic radius [Kubota et al.i d 19981 1. 


All the three outbursts se em not to follow th e two em¬ 
pirica l relati ons report e d by lYu fe Yaril (I2009T) . lYu et all 
(l2007h and IWu et all (l2010h between the hard X-ray lu¬ 
minosity peak of the HS to HSS transition and the HSS 
luminosity peak, and between the hard luminosity peak and 
the outburst waiting ti me, respect ively. In fact, following 
the relation reported bv lWu et al.l (l2010l l. a constant wait¬ 
ing time, which is the peculiarity of 4U 1630-472 , should 
imply a constant hard X-ray luminosity peak of the subse¬ 
quent outburst. This relation is not verified at least between 
the 2008 and 2010 outbursts, or between the 2002-2004 and 
2006 outbursts (Figure [lj. Concerning the relation occur¬ 
ring between the X-ray HS to HSS transition luminosity 
peak versus the subsequent HSS luminosity peak, Figure [TD] 
shows that the 2006 and 20 08 outbursts ar e totally outside 
the correlation reported bv lWu et al.l J2010I ') (grey hlled zone 
in Figure m- In fact, the HS-HSS transition should have 
occurred before the start of the PCA observation campaign. 
On the contrary, the 2010 outburst is almost in agreement, 
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Figure 10. BAT flux during the hard to soft transition versus 
the corres ponding A SM flux of 4U1630-47 and H 1743-322 as 
defined in I Yu fc Yanl i | 2009| ). The grey z one represent the region 
populated by other BHXRB reported by I Yu fe Yanl (120091 ) . 


emphasizing that the lack of hard X-ray emission in the case 
of the 2006 and 2008 outbursts is unusualQ 

In order to understand the uniqueness of 4U 1630-472 
outburst recurrence and to correlate it with the lack of high 
energy emission, we investigated the ASM and BAT light 
curves of some of the brightest and active transient BHXRBs 
during the seven years (2005-2011) in which both instru¬ 
ments were operational. Many studies on the outburst evo- 
luti on of these sourc es have been reporte d in literature (e. 

g. _ Yu fe Yanl ll2009li ; iDunn et al.l d20ld~l : ICapitanio et al.l 

(l201oh . and references therein); the various outbursts ob¬ 
served do not have any detectable recurrence period and 
in addition, show a complex behaviour in both soft and 
hard energy ranges and very different luminosities. The 
only exception is H 1743-322: this BHC has shown only for 
so me years outbursts equ ally spaced in time, as reported 
bv ICapitanio et ~ahl (l2010l ). In analogy with 4U 1630-472 , 
the outburst of H 1743-322 that occurred in 2007, has a 
2-12 keV behaviour mostly identical to some of the subse¬ 
quent periodical outbursts but showing a fainter hard X-ray 
emission: the H 1743-322 ASM 2007 peak flux (1-12 keV) is 
~250 mCrab; the BAT 2007 peak flux (15-50 keV) is ~60 
mCrab. The subsequent H 1743-322 outburst (2008-2010) 
presents a similar 1-12 keV flux but with a 15-50 keV flux 
of ~ 200 mCrab. As Figure flOl shows, the difference in the 
ratio between BAT HS-HSS transition luminosity and ASM 


2 We consider as the Hard to Soft transition flux peak of the 2010 
outburst the BAT 15-50 keV luminosity taken on 2009-12-29 that 
corre sponds to the first detection of the outburst jTomida et al.l 
1 200(1 ). In fact just two days later on 2009 -12-31, the source ex - 
hibits a spectral behaviour typical of HSS llTomsick ct al.l[2009l l 


peak flux of H 1743-322 is not enough to bring the outburst 
totally out of the correlation reported by lYu fe Yanl (120091 ') 
as in the case of the 2006 and 2008 outbursts of 4U 1630- 
472. However, as reported by ICorbelfcTzioumisl d2008f) the 
HS-HSS transition occurred before the peak of the hard X- 
ray emission and thus it is only an upper limit. For the 2007 
and the 2008-2010 outbursts of H 1743-322, also the relation 
between the hard X-ray luminosity peak and the outburst 
waiting time is not respected. In contrast, during the sub¬ 
sequent outbursts, a similar waiting time corresponds to a 
similar peak luminosity in the 15-50 keV energy range. 


4 DISCUSSION 

4.1 2006 and 2008 outbursts 


The 2006 and 2008 outbursts are very similar to each other 
with respect to the flux emission, the outburst duration and 
the spectral evolution. Although the PCA observation cam¬ 
paign began immediately after the RXTE/ASM flux en¬ 
hancement, there is no evidence in the data of both out¬ 
bursts of the initial transition from the hard state to the 
soft state, as clearly indicated by the HID, the HR and 
the rms behaviour (see Figures [6] and [TJ) . Thus, the ini¬ 
tial transition should have occurred shortly after the be¬ 
ginning of each outburst or has not occurred at all. In sup¬ 
port of this hypothesis, since the first observation of the 
ATCA campaign, performed at the beginning of the 2006 
outburst on 2005 December 21 (iGallo et alJlioOtsh . did not 
detect any radio emission. The quenchi ng of the radio emis¬ 
sion is typical of HSS (see for example iFen der et ahl (Il999l . 
l2006h : I Russel et al.l d201lh : IGallo et ahl ( 20121 ') for~ a review 
of radio properties of XRB). Besides, it is well known that 
4U 1630-472 emits in the radio band as mentioned in Sec¬ 
tion [T] during the 2002-2004 and 2013 outbursts and also 
during the 1998 outburst when 4U 1630-472 shown X-ray lu¬ 
minosity comparable with the 2006 and 2008 outbursts (see 
Figure [TJ. 

For the 2006 outburst, the radio non-detection fixes 
with good confidence that 4U 1630-472 probably reached 
the soft state very sharply. In fact the first radio observa¬ 
tion was performed only 7 d after the first ASM-confirmed 
detection (lTomsickll2005ll and lid before the first PCA ob¬ 
servation (2006 January 01). 

Another unusual behaviour connects these two out¬ 
bursts: the lack of any detection above 30 keV all over the 
outburst duration. The data show a hardening of the 3-30 
keV spectra during the final phase of the two outbursts, 
which corresponds to an increase of the rms in agreement 
with what expecte d for a BHXRB coming ba ck to the low- 
hard state (LHS) dMunoz-Darias et al.1 [201 il l, even though 
the final LHS, if occurred, is not detected in the data. In 
fact, the disk black body component is always required in 
the model to fit the data and the power-law component, 
even though very faint, seems to be typical of a soft state 
at least until 30 keV. Above 30 keV the non-detection im¬ 
plies the presence of an energy cut-off in the power law that 
is, instead, not typical of a soft state. However the source 
flux drops rapidly, thus the final hard state transition is 
probably under the detection threshold of IBIS and BAT 
and the PCA data are contaminated by the nearby source 
ICR J16320-4751 . 
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Figure 11. PCA unfolded spectrum of the 2008 outburst plus 
the IBIS upper limit (5mCrab), obs. ID 93425-01-11-07. For 
model and fitting parameters see Table [2] The dashed lines 
represent the single model components 



Figure 13. PCA and IBIS unfolded joint spectrum of the 
2010 outburst, obs. ID: 95360-09-24-00. for model and fitting 
parameters see Table |2] The dashed lines represent the single 
model components 

The lack of bright hard state ha s also been observed 
previously in 4U 1630-472 (see e.g. iTomsick et alj 120051 , 
and references therein). This is a unexpected behaviour, in 
fact, although the LHS-HSS t ransition can occu r at differ¬ 
ent luminosity levels (see e.g. iMaccaron c 120031 . and refer¬ 
ences therein), the initial LHS-HSS transition should occur 
at a luminosity ab out a factor of few larger than the final 
HSS-HS transition (IZdziarskilll996l ). Thus, if the initial tran¬ 
sition is below the BAT detection sensitivity (10.6 mCrab 
for 1 d of observation at 2a), the final hard state should 
be really sub-luminous (< 0.5-0.05 mCrab) and near to the 
quiescent luminosity. An explanation could simply be that 
the initial transition was not so sub-luminous, but instead it 
was so sharp that the hard X-ray monitors (IBIS and BAT) 
had not enough exposure time to detect it, while the PCA 
observation campaign started too late to observe the LHS. 



frequency [Hz] 

Figure 12. PCA power spectrum of the 2008 outburst. The 
rms value is 0.091 (see section [2] for details), obs. ID 93425- 
01-11-07. For model and fitting parameters see Table [3] The 
dashed lines represent the single model components 



frequency [Hz] 

Figure 14. PCA power spectrum of the 2010 outburst. The 
rms value is 0.067(see section [5] for details), obs. ID: 95360- 
09-24-00. for model and fitting parameters see Table [3] The 
dashed lines represent the single model components 

This is a possibility that does not involve any breaking of 
the hysteresis-l ike cycle of the HID llHoman fe Bellonlll2005l : 
[Zd ziarski 1996). It remains to be explained why the high 
energy emission that is thought to be due to the inverse 
Compton was so faint during these two outbursts. 

As demonstrated in the discussion above, the PCA en¬ 
ergy and power spectra indicate that the source should be in 
a soft or intermediate soft st ate during the ob servation cam¬ 
paign. Hence, according to IZdziarskl (119961 ). the accretion 
disk should be extended near the last stable orbit and the 
electron corona located in active regions on the disk surface. 
In this state we expect non thermal or hybrid distributions 
of the corona electrons. This implies, at first approximation, 
the presence in the spectral model of a power law without 
cut-off. Therefore, the presence of this power law component 
in the 3-30 keV spectra and the lack of any detection above 
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Table 2. Fit parameters of the two energy spectra plotted in Figures fill 1131 Best fit model: CONST*wabs*(diskbb+pow) . PCA obs. id 
is the PCA observation number; T //n is the temperature of the inner disk; N^ vs ^ ; = (( Ri n / Krn)/(D/kpc)) 2 is the normalization parameter 
of the Sakura&Sunyaev disk black body; F is the power law photon index; N pou , is the normalization para meter of the power la w model. 
The hydrogen column density is let free to vary between 4-12xl0 22 atm cm -2 as previously reported bv lTomsick et ahl lll99ijV l 


PCA obs. ID 

keV 

N disk 

r 

Npoiy 

ph keV -1 cm -2 s —1 

Flux 2 —10 keV 
ergs cm -2 s —1 

FlllXxo— lOOfceV 
ergs cm -2 s —1 

X+ d (d.o.f.) 

93425-01-11-07 

95360-09-24-00 

1.31T0.01 

1.21T0.02 

340T13 

243l^g 

2.3T0.2 

2.2T0.1 

Q 3+0- 2 

1.0±0.2 

1.3xl0 -8 

0.8xl0 -8 

1.9xl0 -9 

1.1(52) 

0.8(66) 


Table 3. Fit parameters of the two power spectra plotted in Figures |1211141 Best fit model: (power law+Lorentzian). PCA obs. ID is 
the PCA observation number; T is the power law photon index; E / is the Lorentzian line energy; a is the Lorentzian FWHM line width 


PCA obs. ID 

r 

E L 

a 

rms 


- 

- 

keV 

keV 

- 


93425-01-11-07 

1.7T0.2 

1 2+ 0 - 4 
—1.2 

1.71} 

0.091 

0.8(13) 

95360-09-24-00 

o 1+0.5 
Z-1 -0.3 

14+0.6 

2.61} 

0.067 

0.5(12) 


30 keV, implies, instead, a cut-off at energies not higher than 
30 keV. This could imply that the corona should have been, 
for some unknown reasons, quickly thermalised or it has not 
heated up at all at the beginning of the outburst, leading 
to a very low electron temperature, rough ly kT e ^ 15 keV 
dMivakawa et ahlboosl : IPetrucci et allliooil ) . 

However the evolution of the plasma optical depth, r p is 
strongly related to the fixed value of the plasma temperature 
kT e . In fact the only information that can be extrapolated 
from the data is that the kT e should be less than about 10- 
15 keV, but its variation during the two outbursts is totally 
unknown. 


IBIS data, simultaneous with t he Suzaku observations re¬ 
ported by iTomsick et al.l (120141 '). do not show the typical 
LHS high energy spectrum above 20 keV. In fact the power 
law remains quite soft (P ■~2) and there is no cut-off up to 
150-200 keV. It is also true that the faintness of the data 
force to a very long integration time and the harder data, 
that should be observed simultaneously with the transition, 
could have been averaged out with the other observations. 
Data obtained with smaller integration times around the 
date of the HSS to LHS transition are not statistically sig¬ 
nificant. 


4.2 2010 outburst 


The scenario is different in the case of the 2010 outburst. 
As in th e two previous outb ursts, the lack of any radio de¬ 
tection dCalvelo et alj l2010h probably implies a very sharp 
transition to the HSS, just 5 d before the first M AXI tele¬ 
scope detection reported bv lTomida et all J2009I) . However, 
the source brightens above 30 keV not during the hard state, 
if occurrs, but rather during the soft part of the outburst. 
In fact, as can be easily seen in Figure [5] both the soft and 
the hard light curves (top and bottom panel, respectively) 
reach the peak of emission at the same time. Normally the 
hard peak of the X-ray light curve (i. e. 15-50 keV) precedes 
the soft peak (2-12 keV). 

Either way, we can argue that the inverse Compton 
emission, during the 2010 outburst, is more efficient than 
in the previous two cases. The PCA-IBIS joined spectra do 
not present any cut-off of the power law until 150-200 keV. 
This means that just from the beginning of the outburst, 
the electron plasma temperature is ver y high or the elec¬ 
trons have a non thermal distribution ( Malzac fc Belmontl 
EHI), in agreement with the standard behav iour of BHXRB 
in the soft state (see e.g. [Zd ziars kH Il996l ). However the 
spectral resolution does not permit to distingu ish t he tw o 
cases. Nevertheless, as reported by ITomsick et aid (120141) . 
the 2010 outburst shows another peculiarity: an anomalous 
delay of the final transition to the LHS. However the last 


4.3 The periodical outbursts 

The recurringof an outburst every 600-700 d could be caused 
by a perturbation of periodical nature which could force the 
system to undergo an outburst. 

We argue that there is a connection between this period¬ 
icity of the outbursts and the peculiarity of their behaviour. 
In fact, the outbursts are thought to be caused by a vari¬ 
ation of the mass accretion rate from the companion star 
via Roche lobe overflow. This variation causes an increase 
of the disk temperature inducing the ionization instability 
of the disk. In the case of 4U 1630-472 there should be an 
extra perturbation of the system that periodically triggers 
this variation. This perturbation forces an increase of the 
disk temperature independent from the mass accretion rate 
of the companion star and from the state of the accretion 
disk and the relativistic electrons inflow. This scenario could 
explain also the anomalies of the LHS-HSS and HSS-LHS 
transitions of 4U 1630-472 a nd the lack of bright hard state. 
In fact, as demonstrated bv lHoman et al.l (l200lh . while the 
variation of the mass accretion rate should cause the out¬ 
bursts, the corona inflow seems to be involved in the state 
transitions of the BHXRB. thus we could argue that the 
forced outbursts do not respect all the steps that are in¬ 
volved in the hysteresis-like behaviour of the standard out¬ 
bursts of the BHXRBs. 

Following this scenario the 2002-2004 bright outburst 
(Figure [lj could be considered a standard outburst of 
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4U 1630-472 due to the variation of the mass accretion rate 
of the companion star. This outburst covers a time period 
for which the source should have undergone an outburst two 
times. Surprisingly, two of the bright flux peaks of this out¬ 
burst lie exactly at the epochs in which we should expect two 
periodical outbursts (see Figure[T|). This fact fixes with good 
confidence that the unknown periodic perturbation was still 
active during the outburst and not related to the outburst 
origin. 

In the last 20 yr a wide variety of hypotheses have been 
put forward to explain the nature of the periodical pertur¬ 
bation. here we critically review all the hypotheses trying to 
figure out the most plausible: 

• A limit cycle of accretion disk ionization instability 
should produce periodic al outbursts as i n the case of the 
dwar f novae (see e. g. ICannizz 3 ll993l : Ijaniuk fe Czernvl 
1ml). Concerning this hypothesis, the duration and the re¬ 
currence period of the 4 U 1630-472 o utbursts seem to be 
plausible for a limit cycle dLasotall200ll l. However their time 
profile is not always the one expected for a l i mit cy cle, “fast 
rise and expon ential decay” (FRED lLasotal 120011 ). As re¬ 
ported by e. g. Ijaniuk fe Czernvl (1201 ll^ other factors such 
as the accretion rate from the companion star could super¬ 
impose other outbursts to those produced by the limit cycle 
in analogy with the case of dwarf novae supe r-outbursts (e. 
g. the 2002-2004 outburst). Nevertheless, as IParmar et al.l 
dl995T ) noticed, it is unlikely that the instability could main¬ 
tain the phase for more than 40 years, while this phenomena 
seems to be more pla usible in the case of H 1743-322 (e.g. 
ICapitanio et al.ll2010l 'l which usually shows three or four out¬ 
bursts with the same period and then the next few outbursts 
show a different period. 

• Another hypothesis could be the presence of a third 
body orbiting around the binary system in a hierarchical 
configuration dParmar et al.lfl995l') , that is a body moving on 
an approximately Keplerian orbit around the barycenter of 
the binary system. Figure[l5] represents the derived relation, 
given by the Kepler laws, between the periastron distance of 
a body, orbiting around a binary, with a 600-d period, as a 
function of its mass. We roughly consider the binary system 
as only one heavy bod y of 10 M@ consistent with the result 
reported by ISeifina et aid (120141 1 . We perform this calcu¬ 
lation for different eccentricity values of the orbit, finding 
that, for a highly eccentric orbit (e>0.7), this third body 
could reach a distance lower than an astronomical unit (au) 
and its mass could be even very high. However the three- 
bod y orbital stability criteria (see Donnison fc Mikulskia 
Il995l . and reference therein) imply that the binary remains 
stable against the perturbation of the third b ody if it is 
at a d istance larger than a criti cal distance (IHarringtonl 
Il975l : iDonnison fc Mikulskisl ll995l ~) . This distance strongly 
depends on the separation be tween the components o f the 
binary system. As reported bv lAugusteiin et al.l (l200lh . the 
infrared properties of 4U 1630-472 are similar to those of 
other BHC such as GROJ1655-40 or SAXJ1819.3-2525 that 
host a relatively early type secondary companion. Thus the 
distance between the companion star and the b lack hole 
cou ld be roughly 0.1 AU (see e. g. iRemillard fc McClintock I 
l2006T l. The dashed and dotted line in Figure [T5l shows the 
critical periastron distance in function of the third body 
mass for a binary system separation of 0.1 AU and a pro¬ 


gr ade motion of the third body following the equation (1) 
of iDonnison fc Mikulskid dl995l f and the results reported 
by IHarringtonl ( 1975l ~l FI. This calculation strongly depends 
on the binary separation which for 4U 1630-472 is substan¬ 
tially unknown. For example the black dotted line in Fig¬ 
ure ESI represents the critical distance as a function of the 
third body mass in the case of a binary separation of 0.5 
U.A. A hierarchical eccentric third-body system near the 
instability limit could be a good candidate to cause periodi¬ 
cal outbursts. In fact, in this case, the presence of the third 
body perturbs the central binary system and when it reaches 
the periastron, its vicinity could induce the instabilities in 
the accretion disk triggering an outburst. Because there are 
too many unknown parameters, it is difficult to determine if 
the sporadic increase of the recurrence period is compatible 
with an orbit perturbation of the triple system. Neverthe¬ 
less it is possible to hypothesize that the perturbation of the 
orbital period could be due to an effect such us the Kozai 
effect, a periodic exchange between the o rbit inclinati on and 
the orbit eccentricity of the third body dKoza 3 ll962h . Thus 
the diagram in Figure [T5] should be considered as a first ap¬ 
proximation of the problem. In fact, we did not taken into 
account the relativistic effects and the fact that the mass of 
the third body could be also comparable with the other two. 
In this case the dynamic of a three-body system containing 
thre e comparable masses, remain s a major unsolved prob¬ 
lem (IDonnison fc Mikulskisl IT993) . However 4U 1630-472 is 
not the first triple system containing an accreting binary. 
For example there are several millisecond pulsars that be¬ 
long to a hierarchical 3 rd -body systems such as B1620-26, a 
millisec ond pulsar with a wh ite dwarf and a planetary-mass 
object dThorsett et al.lll999l l or the recently published PSR 
J0337+1715, containing a millisecond pulsars and two othe r 
stars in a hierarchical configuration (iRamson et al.ll2014l i. 
The presence of a third-body in this kind of systems is easy 
to detect and to study because of the typical time-del ay of 
the spin period of the pulsars ('see lR.amson et abll2014l . and 
references therein) 

• We could also suppose a system with a high eccentric 
orbit of the companion star. However this should imply a 
massive companion star (IParmar et al.lll995l) in a high mass 
X-ray binary (HMXRB) system. Even though the IR could 
not exclude the Be nature of the system, the spectral be¬ 
haviour, the duration of the outbursts and the signature 
of th e presence of a BH as compact object (ISeifina et all 
l2014ll make this hypotheses unlike. In fact the first case of 
Be HMXRB hosting a BH has recen tly been reported in 
literature (iMunar-Adrover et al.l l2014l l . This source shows 
a spectral behavior totally different from the behaviour of 
4U 1630-472. 


• We could consider a LMXRB in a wide eccentric orbit, 
which is unacceptable on a evolutionary point of view. In 
fact the LMXBs are old systems with circular orbits of pe¬ 
riods that spans from a few hours (ultra-compact sources) 
to some days. Due to the huge orbital period (600-700 d), 
even a subsequent capture of the companion star or a modi¬ 
fication of its orbit due to interactions with other bodies are 
not consistent with the Roche lobe overflow phenomena. In 


2 The critical distance in the case of retrograde motion is quite 
similar to the prograde one and is omitted for clarity 
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Figure 15. Periastron distance of a body orbiting around the bi¬ 
nary star (period: 600 d) in function of its mass. The plot reports 
this relation at different values of eccentricity. We assumed the 
XRB as a only one heavy body of M=10Mq. Considering a pro¬ 
grade motion of the third body: the black dashed line represents 
the critical distance for a binary separation of 0.1 AU and the 
black dotted line represents the critical distance for a binary sepa¬ 
ration of 0.5 AU. The calculation of the cri tical distances has been 
perfor med follo wing the equation (1) of iDonnison fc Mikulskid 
lll995l ') (see also iHarringtoniri975l . for details). 


fact the companion star o f a binary system such a s 4U 1630- 
472 should be very small dAugusteiin et af1l200lh and needs 
to be very near to the central BH to allow the accretion 
comi ng from the Lagrange point dRemillard fe McClintockl 
120061 . d<0.1 AU). Thus, considering the Keplerian orbits in 
Figure fl5l as the possible orbits of an object captured by a 
IOMq BH, such a small periastron distance could be reached 
only with a degenerate eccentricity of the orbit. 

• Also the constant refilling f r om th e companion star as 
reported by iTrudolvubov et all (2001 ) is quite unlikely. In 
fact, even accepting that a constant refilling of the outer disk 
could cause the periodical outbursts, this implies a constant 
quantity of accreted matter that in some way reaches, af¬ 
ter about 600 days, a critical mass that, in turn, triggers 
the outburst, involving always the same quantity of matter. 
Thus the outbursts should have always the same luminosity. 
As Figure [T] shows this is not the case of 4U 1630-472. 


5 CONCLUSIONS 

(i) The 2006 and 2008 outbursts exhibit an unusual be¬ 
haviour: they do not show any hard emission up to 30 keV 
throughout the outburst. Probably the electron corona is 
quickly thermalized or it has not enough time to heat up. 
Moreover at least in the 2006 case, the lack of any radio 
detection immediately after the enhancement of the ASM 
flux indicates that the LHS-HSS transition occurred very 
sharply or did not occur at all. This is quite a rare be¬ 
haviour for a LMXB. In fact, outbursts that never reach 
a soft state (the so called ’’failed o utbursts”) have often 
been reported in lit erature (see e.g. ICaoitanio et al.l 120091 : 
iFerrigno et al.l[2012l . and references there in). On the con¬ 


trary ’’soft” outbursts are unusual since the launch of the X- 
ray satellite hosting telescopes suitable for hard X-ray emis¬ 
sion measurement above 20 keV, such as BeppoSAX/PDS, 
RXTE/HEXTE, INTEGRAL/IBIS and Swift/BAT 

(ii) The 2010 outburst seems, in contrast, to be a stan¬ 
dard outburst from the high energy emission point of 
view. In fact the source is bright above 30 keV for most 
of the outburst, althou gh, in this case also, as reported 
bv lTomsick et all d2014l ). the outburst shows an unusual de¬ 
lay of the final transition to the hard state. Furthermore, 
the lack of radio emission in the rising phase of the outburst 
indicates a sharp LHS-HSS transition. 

(iii) The 2006 and 2008 outbursts of 4U 1630-472 do not 
seem to follow the emp irical relations found b y IWu et ahl 
(I2010l4 . lYu et all (120071 ) and lYu fc Yaril d2009l ) between the 
hard X-ray luminosity peak of the HS-HSS transition and 
the subsequent HSS luminosity peak, or the outburst waiting 
time. These empirical relations imply that the two accretion 
flows (disk and corona) should be related. Our results give 
an indication that at least in these cases the two accretion 
flows could be uncorrelated. 

(iv) We argue that an important role in the anomalous 
behaviour of 4U 1630-472 could be played by the periodical 
outbursts, whatever their origin. The periodicity could be 
an extra perturbation that is added to the disk instability 
due to the companion star mass transfer. The interference 
between these two phenomena could explain for example the 
long and bright outburst occurred between 2002 and 2004. 

(v) As we illustrated in Section roi there are tow 
most plausible explanations for the outbursts being equally 
spaced in time. The first is the presence of a third body 
orbiting around the binary system, while the second is the 
presence of a limit cycle of the accretion disk ionization in¬ 
stability. Concerning the latter hypothesis, it is unlikely that 
this limit cycle phase could have lasted for such a long time. 
Instead, considering the third body hypothesis, we have dis¬ 
cussed the possibility that the recurrence period is compat¬ 
ible with a three-body hierarchical system containing an X- 
ray binary and a third body that could be even quite heavy 
and near the critical distance. Nevertheless, these calcula¬ 
tions strongly depend on the binary system separation that 
is actually unknown. At odd with this hypothesis is the spo¬ 
radic 100-d longer outburst recurrence period, previously 
noticed by other authors but also present in the last three 
outbursts of the source. However our simple calculation does 
not take into account the effect of the space-time deforma¬ 
tion on the third body due to the BH and the various clas¬ 
sical perturbations that affects a hierarchical three body- 
system such as the Kozai effect. In fact the unknown nature 
of the binary and of the third body leave too much unknown 
parameters to permit any more refined calculations. 


We can conclude that, even if we have demonstrated 
that the case of 4U 1630-472 could be peculiar with respect 
to the other BHCs, the origin and evolution of the elec¬ 
tron corona is a complex mechanism not only related to the 
spectral evolution of the accretion disk and still not well 
understood. 
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